Neurological soft signs (NSSs), minor neurological abnormalities, have been implicated as risk factors for poor cognitive performance in small-scale studies. Here we investigate the associations between NSSs and multiple domains of cognitive performance in a large, population-based cohort and evaluate sex differences in these associations. We analyzed data from 35,710 seven-year-old children in the Collaborative Perinatal Project to study the association between the number of NSSs and cognitive test scores using multiple linear regression models adjusting for risk factors for brain injury and aberrant neurodevelopment. NSSs were associated with lower scores on all domains of cognitive performance. Each additional soft sign was associated with lower full-scale IQ (b ϭ Ϫ4. 
Children with NSSs were found to have lower intelligence scores (Obiols, Serrano, Caparrós, Subirá, & Barrantes, 1999; Semerci, 2000) and academic achievement (Biswas, Malhotra, Malhotra, & Gupta, 2007; Schonfeld, Shaffer, & Barmack, 1989) than children without NSSs; adolescents with NSSs had longer reaction time, interference, and lower accuracy scores on tests of executive functions (Cai et al., 2013) . The associations of NSSs with cognitive functions are not limited to children and adolescents but extend throughout the life course, as they have been reported in elderly patients with mild cognitive impairment (Li et al., 2012) . Results from imaging-based studies suggest that the association between NSSs and cognition may arise partly through shared neural substrates or networks (Cai et al., 2013; Chan, Rao, Chen, Ye, & Zhang, 2006; Rao, Di, Chan, Ding, Ye, & Gao, 2008 ).
There are two major gaps in the literature regarding the role of NSSs in cognitive development: (1) the domain specificity of the involvement of NSSs in cognitive performance and (2) whether there are sex differences in the association between NSSs and cognitive performance.
While prior studies have reported associations of NSSs with poor cognitive performance, there is inconsistent evidence as to the specific domains of cognition most strongly associated with NSSs. Finding that the association between NSSs and cognitive performance is domain specific could clarify the association by suggesting specific neurobiological mechanisms or brain regions. Although the question of domain specificity has been addressed among patients with schizophrenia (Chan, Xu, Heinrichs, Yu, & Wang, 2010) , other than the association between NSSs and executive function, specifically the arrows task and the Stroop color-word test (Cai et al., 2013) , domainspecific correlations with NSSs have not been investigated in nonclinical samples. Nevertheless, recent studies have suggested that neural correlates of intelligence, similar to those for NSSs (Dazzan et al., 2006) , are likely to be distributed throughout the brain rather than localized to specific areas (Colom, Jung, & Haier, 2006; Luders, Narr, Thompson, & Toga, 2009) .
With respect to sex differences, NSSs are more common and more enduring among boys than girls; this difference could result in part from differential timing of maturation of the brain and to higher rates of delivery and labor complications in boys (Cai et al., 2013; Martins et al., 2008; Shafer et al., 1986 ). In the current study, we have a unique opportunity to investigate sex differences in the association between NSSs and cognitive performance, adjusting for delivery and labor complications and other potential indicators of brain injury that are often hypothesized to be the reason behind sex differences in NSSs. If in fact the adjusted associations between NSSs and cognitive test scores differ by sex, this would cast doubt on a conventional explanation for such differences.
In addition to addressing gaps in the literature regarding domain specificity and sex differences in the association between NSSs and cognitive performance, the current study extends prior work in two respects related to methodology. First, prior studies included limited adjustment for perinatal factors, which are potentially important confounders in the association between NSSs and cognition (Breslau, Chilcoat, Johnson, Andreski, & Lucia, 2000; Buchanan & Heinrichs, 1989; Chen & Chan, 2003; Heikura et al., 2008; Koutra et al., 2012; Nichols & Chen, 1981) . Second, prior studies most frequently used dichotomous measures indicating the presence or absence of NSSs, NSSs manifesting above an arbitrary cutoff, measures based on latent variable approaches that have yielded inconsistent results (Malla, Norman, Aguilar, & Cortese, 1997; Schröder et al., 1991) , or functional categorizations of NSSs that do not necessarily reflect underlying mechanisms (Breslau et al., 2000; Cai et al., 2013; Shafer et al., 1986; Shaffer, 1978) . Accordingly, we focus on a quantitative measure of NSSs, which we suggest is more reflective of the nature of the underlying brain dysfunction by capturing the severity of NSSs. In addition, we present results using coordination, sensory, and involuntary movements groups. We use data from the Collaborative Perinatal Project (CPP), a landmark U.S. pregnancy cohort with comprehensive assessments of children's neurologic and cognitive functioning to investigate the relation between NSSs and cognition.
Method Study Population
The CPP is a national multisite prospective cohort study that recruited 48,197 pregnant women at 12 university-affiliated medical centers between 1959 and 1966. The CPP followed women and their offspring through pregnancy, delivery, and the first 7 years of the children's life (Broman, 1984b; Niswander & Gordon, 1972) . The aims of the CPP included identifying the developmental consequences of pregnancy and delivery complications. Out of the 41,911 children who underwent neurological examination at age 7, a total of 3,365 children had missing data on all NSS items or on cognitive test scores, while at least 2,573 had missing data on other potential confounders, mainly socioeconomic background and race. The analysis sample for this study included offspring with complete data on all study variables (n ϭ 35,710).
Measures
NSSs were measured during a neurological examination done according to the CPP protocol (Shaffer et al., 1985) . Boardcertified pediatricians performed the exam, blinded to the child's medical record, under the supervision of a senior board-certified pediatric neurologist. The CPP exam assessed three functional subgroups of NSSs: abnormalities in motor coordination, sensory functions, and involuntary movements.
Motor coordination signs consisted of the following items: dysdiadochokinesia, dysmetria, and ataxia. Dysdiadochokinesia is the difficulty in performing rapid alternating movement of the hands and feet in a smooth and fluent way. Dysmetria is the difficulty in accurately positioning a limb, especially in the terminal part during movement. Ataxia is the failure to synthesize component muscular actions into a smooth and accurate movement. These signs were elicited by asking participants to perform the following tests: rapid alternating movement, finger to nose, heel to knee with eyes open and closed, finger pursuit, rapid individual finger movement, and complex activities like fastening buttons or zippers, tying shoes, writing, or picking up small objects.
Sensory NSSs consisted of right and left identification, astereognosis, and position sense. A child was asked to perform these tests with emphasis on the right or left hand, and his or her initial response was recorded. Astereognosis, which is the inability to identify a three-dimensional object by touch without visual input, was tested by placing visually recognizable objects one at a time into the child's hand and asking the child to identify them with his This document is copyrighted by the American Psychological Association or one of its allied publishers.
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or her eyes closed. Position sense was performed using two tests:
(1) Passive movement of the great toe, where the examiner grasps the big toe by the sides and passively moves it through a small arc. The child is then asked to give the direction of the movement during the motion on at least five trials. (2) Location of a finger in space, where the examiner places one of the child's index fingers in space and then, with the child's eyes closed, asks the child to touch it with his or her other index finger.
Involuntary movement consisted of mirror movement, tremors, and dystonia. Mirror movement is involuntary movement in the hand opposite the hand engaged in a simple task. Children were asked to do rapid thumb-forefinger apposition in one hand while the examiner observed the other hand to detect mirror movement. This was repeated for the other hand. Tremors were identified as spontaneous tremors, which are tremors present at rest, and also tremors associated with maintenance of posture. Dystonia is involuntary fluctuations of tone and muscular spasms involving chiefly the muscles of the neck and trunk and the proximal musculature of the limbs. Strange postures and slow spasmodic rotations (torsions) are characteristic. Muscle tone as appraised by palpitation or passive manipulation is at times below and at times above normal. Attempted movements precipitate contractions of muscle groups opposing the original movement.
The CPP neurological examination is substantially similar to the type currently used in research (Buchanan & Heinrichs, 1989; Cai et al., 2013; Chan et al., 2010; Chen et al., 1995; Convit, Volavka, Czobor, de Asis, & Evangelista, 1994; Denckla, 1985; Jahn et al., 2006; Krebs, Gut-Fayand, Bourdel, Dischamp, & Olie, 2000; Li et al., 2012; Vreeling, Jolles, Verhey, & Houx, 1993) . The specific abnormalities counted in our measure of NSSs have considerable overlap with abnormalities assessed in modern batteries-namely, the Cambridge Neurological Inventory (Chen et al., 1995) and the Krebs (Krebs et al., 2000) . The Neurological Evaluation Scale (Buchanan & Heinrichs, 1989) , for example, included extrapyramidal signs and reflexes that are often not defined as soft signs or signs that are commonly detected in psychotic patients rather than in the general population, limiting its use in population studies. Compared to the Brief Motor Scale (Jahn et al., 2006) , which only includes items of motor coordination, our measure included sensory and involuntary movement items (see Table S1 in online supplemental material for a review of measures of NSSs). The measure of NSSs used here was a count of zero, one, two, or three soft signs (capped at three given the small number of children who exhibited four, five, or six signs; n ϭ 55). Furthermore, we examined the association between each of the functional groups of NSSs, mainly coordination, sensory and involuntary signs, and cognitive performance.
Cognitive performance. Full-scale IQ (FSIQ) was assessed using the Wechsler Intelligence Scale for Children (WISC; Wechsler, 1949) , which contained seven subtests that evaluate different areas of cognition, including Verbal IQ (VIQ; Information, Comprehension, Digit Span, Vocabulary) and Performance IQ (PIQ; Picture Arrangement, Block Design, Coding). The Information, Comprehension, and Vocabulary subtests of VIQ tap verbal comprehension, and the Digit Span subtest taps working memory. The Picture Arrangement and Block Design subtests of PIQ assess perceptual reasoning/organization, whereas the Coding subtest assesses processing speed. In addition, the reading, spelling, and arithmetic portions of Wide Range Achievement Test (WRAT), which have high validity and reliability (Jastak & Jastak, 1965) , were also analyzed.
Other covariates. We adjusted for potential confounders, including low birthweight, defined as birthweight less than 2.5 kg (Breslau et al., 2000) ; tertiles of socioeconomic status (SES; ChinLun Hung et al., 2015; Heikura et al., 2008; Koutra et al., 2012; Myrianthopoulos & French, 1968) ; race; sex; risk factors for brain injury (history of pregnancy or delivery complications, low Apgar scores, fetal resuscitation after birth, and intensive care unit [ICU] admission (Leviton & Nelson, 1992; Nelson & Leviton, 1991) or aberrant neurodevelopment (maternal history of psychiatric or neurologic disorders, maternal smoking, and exposure to prescription drugs during pregnancy); and CPP study site.
Family SES at age 7 was a weighted percentile of each head of household's education, occupation, and income relative to the U.S. population (Myrianthopoulos & French, 1968) . SES scores were divided into three categories corresponding to low (0 -33% of the distribution), medium (34 -66%), and high (Ͼ 66%) SES.
Statistical Analysis
Three linear regression models were fitted to examine the associations between NSS count and each of the five cognitive test scores and their subdomains. In Model 1, we adjusted for demographic factors and birthweight. In Model 2, we added pregnancy or labor complications, low Apgar scores at 1 and 5 minutes, fetal resuscitation, and any ICU admission after birth. In Model 3, we added maternal history of psychiatric or neurologic disorders, maternal smoking, and exposure to prescription drugs during pregnancy. Using this sequential approach in adjusting for these groups of variables will help us determine how much of the association is potentially attributable to risk factors for brain injury versus those for aberrant development. Furthermore, linear regression models were fitted between the three functional group of NSSs and each of the cognitive test and subtest scores. These models included all the covariates adjusted for in Model 3.
To investigate specificity of the effect of NSSs on cognitive subtests, a multivariate multiple regression (Afifi, May, & Clark, 2012; Dattalo, 2013 ) was performed. We tested the hypothesis that the coefficients for NSSs are the same for the dependent variables VIQ and PIQ. Similarly, we tested the hypothesis that the coefficients for NSSs are the same in the following pairs of dependent variables: Arithmetic and Spelling, Arithmetic and Reading, and Spelling and Reading subtests of the WRAT.
To test for sex differences in the NSS associations, we added an interaction term between sex and NSSs to each of the models. To examine if the association between NSSs and cognitive tests is due to comorbid hard signs or localized cerebral disease, a sensitivity analysis excluding those with severe cerebral disease was performed using Model 3.
Results of the regression analyses are reported in terms of the regression coefficient for NSSs and 95% confidence interval (CI). Variance estimates were adjusted for the presence of sibling sets in the analysis sample using generalized estimating equations.
Results
This study sample included 35,710 children (85% of all CPP children who participated in the age 7 assessment). There were This document is copyrighted by the American Psychological Association or one of its allied publishers.
18,022 (50.47%) males and 17,688 (49.53%) females. In total, 9.90% of participants had a birthweight below 2.5 kg, and 37.70% had been exposed to pregnancy or delivery complication. Of the newborn offspring, 7.65% had an ICU admission and 6.00% had resuscitation at birth. There were 16.10% who had a maternal history of neurologic or psychiatric disorder, 4.81% had mothers who used prescription drugs during pregnancy, and 50.12% had mothers who smoked during pregnancy (see Table 1 ). The prevalence of any NSSs was 31.65%, and the total number of NSS signs exhibited by a child ranged from 0 to 6 (see Table 2 ). The most prevalent sign was left-right identification, and the least common was dystonia. Boys had higher counts of NSSs than girls and, in general, had a higher prevalence of the individual signs (see Table S2 in online supplemental material).
The distributions of cognitive test scores according to the number of NSSs are shown in Figure 1 (Wechsler tests) and Figure 2 (WRAT). The mean FSIQ, including its performance and verbal domains, and the means of the arithmetic, spelling, and reading domains of the WRAT were lower in children with more NSSs. In fact, there was approximately a standard deviation difference in cognitive test scores between children with zero versus three or more NSSs. Boys had somewhat similar mean cognitive test scores as girls (see Figures S1, S2 in online supplemental material).
The results of linear regression analyses of children's cognitive performance are shown in . Thus, for each additional soft sign observed during the clinical examination, a child's expected IQ score was approximately 4 points lower. In Models 2 and 3, which adjust sequentially for a wider range of potential confounders, the regression coefficients for the association between NSSs and cognitive test scores were not meaningfully changed.
Children with NSSs had lower scores on VIQ compared to PIQ, F (1) ϭ 4.06, p ϭ .043. The additional decrease in VIQ per neurologic soft sign (0.25) is 0.02 of the standard deviation (SD) unit of 15. Among the WRAT scores, children with NSSs had lower scores on reading and arithmetic compared to spelling: F (1) ϭ 51.7, p ϭ .0001 and F (1) ϭ 41.35, p ϭ .0001, respectively. The additional decrease in the reading score per sign (0.47) is 0.03 of the SD, and that for arithmetic (0.55) is 0.04 of the SD. However, there was no significant difference in the magnitude of the association of NSSs with arithmetic compared to reading,
In comparing the association of NSSs with cognitive test scores between boys and girls, regression coefficients were larger among girls than boys, but the interaction terms between sex and NSSs were not statistically significant except for spelling (p ϭ .03). For the spelling test, the coefficient for NSSs was larger among girls (b ϭ Ϫ4.01, 95% CI [Ϫ4.26, Ϫ3.36]) compared to that in boys (b ϭ Ϫ3.53, 95% CI [Ϫ3.75, Ϫ3.30]); however, this significant interaction would not survive correction for multiple testing.
The results of linear regression analyses of coordination, sensory, and involuntary movement abnormalities with children's cognitive performance are shown in Table 4 This document is copyrighted by the American Psychological Association or one of its allied publishers. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
The association between sensory abnormalities and cognitive performance followed a similar pattern. However, the association between involuntary movement abnormalities and cognitive performance was much weaker. Table S4 in online supplemental material, and the results of sensitivity analysis excluding 449 children with severe cerebral disease are presented in Table S5 in online supplemental material).
We conducted supplemental analyses to further understand the association between NSSs and children's cognitive performance. We used structural equation models to investigate whether NSSs were associated more strongly with general cognitive abilities (i.e., as measured by a latent factor with factor loadings onto each of the seven IQ subtests) than with specific subtest scores independent of general cognitive abilities. They were, since the path from NSSs to general cognitive abilities was markedly larger than the direct paths to subtests (Table S3 in online supplemental material; Muthén & Muthén, 1998 . We applied latent class analysis (LCA) to identify groups of children with distinct patterns of soft signs; the LCA solution yielded two classes that largely differentiated children with versus without soft signs. Children in the "soft sign" class had lower scores on all of the cognitive tests (Tables S7  and S8 in online supplemental material).
Discussion
Seven-year-old children in the CPP with NSSs had lower scores on tests of cognitive performance-approximately 4 points lower (about one third of a standard deviation) for each soft sign observed. These results suggest that NSSs are not "soft" at all and are not "merely" signs of neuronal immaturity (Camp, Bialer, Sverd, & Winsberg, 1978; Foster, Margolin, Alexander, Benitez, & Carr, 1978; Hall & Kramer, 1995) , but rather they have a clinically meaningful association with cognitive development.
Our findings replicated previous studies in which children with NSSs were found to have lower IQ scores (Breslau et al., 2000; Obiols et al., 1999; Semerci, 2000) than children without NSSs. Breslau and colleagues found that children with NSSs had a twoto fourfold increase in the risk of having an IQ less than 85 (Breslau et al., 2000) . Most prior studies were small or analyzed qualitative or dichotomous measures of NSSs. This is the first This document is copyrighted by the American Psychological Association or one of its allied publishers.
large-scale study of the association between the count of NSSs and multiple domains of cognitive performance. NSSs were associated with all domains of cognitive tests, and all regression coefficients across domains were of a similar magnitude. This is consistent with evidence suggesting that neuronal correlates for NSSs and intelligence are distributed throughout the brain (Colom et al., 2006; Dazzan et al., 2006; Luders et al., 2009 ) rather than localized.
The association between NSSs and cognitive performance was independent of established risk factors for brain injury and aberrant neurodevelopment. Although this does not establish causality between NSSs and cognitive performance, this independent association is notable. One implication is that interventions designed to remediate NSSs, such as occupational therapy (Blank, SmitsEngelsman, Polatajko, & Wilson, 2012) , could lead to improved brain connectivity, thus positively affecting cognitive performance, even if such interventions do not address the underlying causes of NSSs.
Although our results showed that the association between NSSs and cognitive performance was driven by coordination and sensory signs, without replication, these results should be interpreted with caution. Functional categorizations of NSSs are often based on a presumed neuroanatomical substrate, which is debatable in the absence of defined focal lesions (Sanders & Keshavan, 1998) . Furthermore, the effect of the specific involuntary movement signs maybe erroneously generalized to a functional group because of the limited number of signs in this group.
Similar to other studies (Cai et al., 2013; Shaffer, 1978) , the prevalence of NSSs was higher in males compared to females. In general, however, boys and girls had similar scores on all cognitive tests, and our findings were consistent with prior studies on sex differences in cognitive performance (Halpern, 1997; Hedges & Nowell, 1995) . Our sample consisted of children at age 7, which is prior to the age of brain maturation. Therefore, sex differences in the count of NSSs cannot be fully explained by the differential age of maturation between boys and girls. However, the association between NSSs and cognitive performance was largely similar for boys and girls, irrespective of adjustment for labor and delivery complications that are often hypothesized to explain these sex differences. There was an indication of a more pronounced association between NSSs and spelling scores among girls, but given the number of sex differences examined here, this result requires replication.
Of note, the association between NSSs and cognition was tested prior to the age when neuronal maturation occurs in adolescence. Therefore, if NSSs are "merely signs" of neuronal immaturity, this raises questions about whether the association with cognitive outcomes would persist after brain maturation and potential resolution of some, if not all, of these signs. In particular, would the cognitive deficits persist only among those who continue to exhibit soft signs This document is copyrighted by the American Psychological Association or one of its allied publishers.
beyond childhood? Furthermore, if the deficits do not persist, could these children overcome childhood cognitive deficits and draw near their peers; or these early deficits in such a critical learning period will irremediably impact their developmental trajectory? The answers to all of these questions require studies that follow children into adulthood.
Limitations
Although the CPP used a prospective cohort design and factors suggestive of brain injury were collected prior to age 7, both NSSs and cognitive performance were assessed concurrently at 7 years. Accordingly, temporality of the association between NSSs and cognitive performance could not be resolved; however, mechanisms for reverse causation are not biologically plausible, as it is unlikely that poor cognitive performance would cause NSSs. Nevertheless, our results showed a strong association between NSSs and cognitive performance that calls for further studies.
Other limitations of this study include potential errors in measuring NSSs, although our measure is not meaningfully different from modern batteries. The same applies for measuring cognitive performance. Historically, tests to measure intelligence changed over the years but continued to reflect similar core mental abilities that represent the main components of intellectual functioning. For example, Digit Span, which was part of an earlier version of the WISC, reflects working memory in recent versions. Similarly, Block Design reflects fluid reasoning, and Coding maps onto processing speed.
The CPP was conducted in the 1960s, and some may question whether the results are applicable to recent cohorts. The quality, completeness, and consistency of the data are rigorous by recent research standards (Hardy, 2003; Klebanoff, 2009) . Other than smoking during pregnancy, which was more common in the 1960s than it is today, the distributions of other perinatal risk factors for neurodevelopmental deficits are similar to that of recent cohorts (Martin, Hamilton, & Osterman, 2016) .
As with other prospective cohort studies, our results could have been biased due to attrition. However, children lost to follow-up before age 7 did not differ on several demographic and neonatal characteristics from the children who were examined (Broman, 1984a) . Similarly, children followed until age 7 were found to be representative of all CPP offspring (Nichols & Chen, 1981) . Similarly, children in our sample did not differ dramatically in key demographics and exposure distribution from children who underwent neurological exam at age 7 (see Table S5 in online supplemental material).
Conclusion
Children with NSSs had lower scores on tests of cognitive performance independent of risk factors for brain injury and aberrant neurodevelopment. Further work is needed to understand the underlying mechanisms for these associations and the possible persistence of cognitive deficits among children with NSSs into and beyond adolescence. We expect that in the absence of interventions, it will be difficult to compensate for childhood cognitive deficits resulting in lifelong impairment irrespective of the resolution of NSSs. Future studies are also needed to follow up on the question of sex differences in NSSs (which are elevated among boys) and in the consequences of NSSs (which were largely similar between boys and girls in our analyses).
Finally, a potential clinical implication of our study is that NSSs are easily detected during annual physical exams and could therefore be incorporated into a relatively inexpensive screening for problems in cognitive development. Children thus identified might be targeted for treatment interventions such as occupational and physical therapy if the effectiveness of such interventions could be established.
